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SUMMARY

Dimensionless groups of thermal modeling parameters were derived
to identify methods for testing reduced-scale thermal models and predicting
from those experiments the thermal characteristics of full-scale spacecraft
vehicles or components. The following heat transfer phenomena were con-
sidered in the analysis:

1. Heat transport by solid conduction;

2. Heat transport at solid-to-solid interfaces;

3. Heat generated by internal power sources;

4. Internal energy changes during transients;

5. Heat transport via thermal radiation emitted from

surfaces;

6. Heat transport via radiation absorbed at surfaces.

Two sets of scaling laws for thermal modeling were derived from the control-
ling dimensionless groups. One set would require that the temperature-time
distributions (in normalized space) of model and prototype be identical.
This could be accomplished by fabricating the model and prototype of dif-
ferent materials. Another set would require that the model and prototype

be made of identical materials. In this case the temperatures in the model

and prototype would differ.

We have attempted to identify a most promising method for thermal

modeling; however, we find that each method has merits which may be ideally

Arthur B Little Ine.



vi
suited to the thermal modeling of a certain spacecraft, and the design of
each different prototype will have to be evaluated in order to select the

best meithod. For example, in cei

-

ain proiotype sysiems it may noi be pos-
sible to test a reduced-scale thermal model with identical temperatures,
at corresponding geometric locations, if the thermal conductivity of the
prototype is extremely small, Similarly, it may not be feasible to test a
thermal model fabricated from the same material as the prototype if the
surface characteristics or the thermal properties are highly temperature
dependent. In addition, the scale may be limited by the highest absolute

temperature level tolerable in the model and test chamber.

Two thermal models (one approximately half scale) were fabrica-
ted in accordance with the scaling law which would predict equivalent
&
temperatures at identical geometric locations. The model temperature distri-

butions were measured in a 'cold" (LN, temperature) wall vacuum chamber,.

2
The details of the test results and the apparatus are presented in Sections

I1 and 111 of this report.

The results of the tests indicate that the thermal modeling con-
cept adopted for this program is practical; however, we encountered some
experimental difficulties with the small models used in this program. In
the smallest scale model the input power dissipated was of the order of 700
milliwatts, and for this input power range one must be concerned with the

effects of instrumentation and power leads. Uncertainties in the heat flow

Arthur D Little, Inc.



vii
characteristics of such leads thus influence the experimental accuracy of

thermal modeling on such a small scale.

In summary, we believe that precise thermal modeling is in-
herently limited by the size of the smallest scaled model (as measured by
the input power per unit volume). If it is necessary to conduct thermal
modeling experiments and obtain a high degree of accuracy at low input power
levels, further work will be required to identify and eliminate the un-

certainties involved in instrumenting the test models.

N
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INTRODUCTION

The basic objective of our program is to investigate methods
for predicting the thermal performance of a full-scale spacecraft package
or its components from ground testing of reduced-scale models. The sub-
ject material contained in this report deals with the first phaseof an
over-all program which entails the testing of scale models of a simulated
spacecraft. The purpose of this Phase I effort is to evaluate approaches
to the thermal modeling problilem and to devise and undertake certain basic

experiments to evaluate the thermal modeling laws proposed for future

rhases.

This program is being funded by the Jet Propulsion Laboratory
of the California Institute of Technology. The Technical Representative

of the Jet Propulsion Laboratory for this program is Dr. J. F. Vickers,

Arthur D Little Inc. 4
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THERMAL MODELING OF A SIMULATED JPL SPACECRAFT
PHASE I RESULTS

1. THE THERMAL MODELING FPROBLEHM

A. INTRODUCTION

The basis for modeling any physical system must be the deriva-
tion of the independent dimensionless groups containing (together) all the
physical quantities which interact to determine the behavior of this
system. Once having determined the functional relationship between the di-
mensionless groups by analysis or experiment the physical behavior of all
similar systems is completely characterized. The advantages of this ap-
proach stem from the fact that the independent variables controlling the
behavior of the system are reduced to & minimum, and, in cases where experi-
ment is required to determine the behavior, tests at a reduced geometric

scale can be used to predict the behavior of a larger system.

The least number of dimensional quantities needed to describe
the system and its interaction with its environment must be determined by
physical reasoning. This implies, and requires, an understanding of the

active physical phenomena.

In the case of the thermal modeling of spacecraft we are con-
cerned with the temperature distributions which result from internal power

sources and the thermal interaction of the craft with its environment.

Although closed-cycle thermodynamic systems involving flow loops and power

Arthur D Little Ine. 7 “



machinery may be present in many spacecraft, we confine our attention to

spacecraft elements wherein the temperature distributions are determined by

heat transfer via the mechanisms of radiation and conduction in solid mem-

bers. In order to derive the dimensional quantities which determine the

thermal behavior of this class of spacecraft system it is useful to think in

terms of the following active heat transfer phenomena:

1'

B.

Heat

Heat

Heat

Heat

Heat

Heat

HEAT

transport by solid conduction

transport at solid-to-solid interfaces
generated by internal sources

(internal energy) changes during transient
transport via radiation emitted from surfaces

transport via radiation absorbed at surfaces

TRANSPORT BY SOLID CONDUCTION

Heat transfer by solid conduction can be characterized by the

thermal conductivities of the materials of the system, K, and by the tempera-

ture distributions in these materials which introduce the variables, L, and

T. For a single thermal conductivity value to be sufficient, the materials

must be isotropic.

1f the thermal conductivities of the materials of the

system are themselves temperature dependent, then the dimensional quantities

which describe this dependence enter.

Arthur D.Little, Inc.
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C._ HEAT TRANSPORT AT SOLID-TO-SOLID INTERFACES

Heat transfer at solid-to-solid interfaces when considered on
a macroscopic scale introduces the concept of thermal resistance or its
reciprocal, thermal contact conductance, C. The thermal contact conductance
is defined as the ratio of the heat transfer across the interface per unit
of the superficial contact area and temperature difference across the con-
tact gap. It is well known that the value of the thermal contact conductance
for systems in vacuo depend on the structural characteristics of the join-

ing materials, on their surface finish, and on the contact pressures.

D. HEAT GENERATED BY INTERNAL SOURCES

In typical spacecraft components, sources of internal heat exist
due to the IZR losses in the electric circuitry. In recognition of these
internal sources it is convenient to introduce a parameter, q*, which is
the internal power generated per unit of volume. The real spacecraft elec-
tronic component may be made up of a non-homogeneous mixture of materials
and a practical question will always exist as to the linear scale on which

model similarity is to be praserved.

E, INTERNAL ENERGY CHANGES DURING TRANSIENTS

Consideration of the requirements for thermal similitude in
non-steady-state systems introduces the thermal inertia properties of the

system and time, T . The thermal inertia of the system is simply

Arthur D Little Ine.
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characterized by the produce of density, o , and specific heat, Cp, of the

materials from which it is constituted.

F. HEAT TRANSPORT via EMITTED RADIATION

The total emissive power per unit of area of the surfaces mak-
ing up the system is given by the product of the total hemispherical
emittance of the surface, €, the Stefan-Boltzmann constant, ¢°, and the
fourth power of its absolute temperature. Therefore, consideration of
emitted radiation introduces the new factors, €, and ¢ . The total hemi-
sphefical emittance, €, is the only factor over which we have experimental
control. For any particular surface, €, varies with its temperature and
surface condition - degree of roughness, oxidation, contamination, etc. 1In
addition, €, is a doubly-integrated quantity involving € > the monochromatic

emittance and € the directional emittance. The latter factors become im-

9!
portant only when we consider the intensity and spectral distribution of the

radiant flux incident on the surfaces.

G. HEAT TRANSPORT via ABSORBED RADIATION

The radiant heat absorbed at a surface per unit area is the pro-
duct of its absorptance, & , and the incident flux, $§. The absorptance de-
pends on the factors affecting emittance (surface temperature, condition
and direction) and, in addition, on the characteristics of the incident

radiation manured by its distribution in the spectrum. For this reason,

Avthur D.Little Ine.



it is useful to separate the flux incident on the surface elements of the

spacecraft system into components identified by source.

One contribution to the total flux is that which originates
within the system by virtue of the fact that all exposed surfaces of the
system are themselves emitters. The flux from these internal sources fal-
ling at any specified surface is a portion of the sum of the reflected and
emitted radiation issuing from all the surfaces that the element in question

can ''see'. This portion depends on the geometry of the system and on the
angular distribution of the radiant energy leaving the ''viewed' surfaces.

1f the intensity of this leaving energy (both emitted and reflected) obeys

a known law, such as Lambert's gosine law, then the portioh incident can be
predicted on the basis of geometry only. The magnitude of the flux issuing
from the "viewed' internal sources depends on the emissive power of these
surfaces (hence, €g Ta) and the reflected power. The reflected power, in
turn, depends on emissive power of all surfaces, on the geometry and on the
absorptance of all surfaces. In summary, we reason that the absorbed energy

depends on the geometry and on the emissive power and absorptance of all

surfaces.
The other contributions to the total incident flux are character-

ized by sources lying outside the system; for instance, sunlight, and re-

flected or direct radiation from the moon and planets. The influence of

Arthur O Little Ince.
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each external source ,must be accounted for by introducing additional vari-
ables. ¢b1,1¢02, ¢b3, etc., might be used to denote the intensity of the
radiant energy from the various external sources, and 0(01,°<02, &03,

etc., might be used to denote the absorption characteristics of the surfaces
of the system tc these incident radiations. Of course, an additional re-

quirement for rigorous thermal similitude is that the direction of the

radiant flux from external sources is the same in model and prototype.

H, FORMATION OF DIMENSIONLESS GROUPS

From the previous discussion one notes that the thermal be-
havior of spacecraft is determined by a very extensive number of dimensional
parameters, and this fact may make thermal modeling for the general case im-
practical if not impossible. However, the application of certain reason-

able restraints can make the problem of thermal modeling tractable.

First, we restrict consideration to model and prototype systems
for which the K's, # 's, Cp"s, & 's and €'s can be considered temperature
independent, and, second,to solid materials that can be considered isotropic
conductors. Third, to eliminate the influence of the spectral and angular
distribution on the emitted and absorbed radiation, we restrict considera-

tion to model and prototype systems which have the same surface characteristics,

Arthur D Litcle Ine.



With these restrictions a single notatioa for K, R, « , etc., is sufficient

*
for the development of the thermal modeling factors

The formation of the controlling dimensionless groups (often re-
ferred to as the 7n groups) may be accomplished in a number of ways. Formal
procedures are described in the literature. We prefer a method which points
up the physical significance of the n's. Thermal similitude requires that
the heat transport and internal energy changes be proportional in model and
prototype. To state this condition mathematically we proceed as follows.

First, we express the heat transfer and energy change effects in dimensional

terms:
Effect Dimensional Statement
Heat Flux via Solid Conduction KT (watts/cnz)
L
Heat Flux at Solid-to-Solid Interface CT "

*

It might be noted that the restrictions listed are not necessary in order
to make the thermal modeling of all systems practical. Some of these re-
strictions may be removed for certain relatively simple thermal systems or

components of a total system without making thermal modeling impractical.

Avthur D . Little Inc.



(Cont 'd.) Effect

Heat Flux Due to Internal Sources

Heat Flux Due to Changing Internal Energy

Heat Flux via Emitted Radiation

Heat Flux via Absorbed Radiation (Internal

Sources)

Heat Flux via Absorbed Radiation (External

Sources)

L 2-53/

Dimensional Statement

* ?
qL (watts/ca )

o K’ d 1"
01 ¢61 02 02 ®tc:

Now, taking ratio's with respect to the heat flux due to solid conduction,

we get

cL
K

2
9 L
KT
AC_ L

KT

€T T L

K

dT¢TL
KT

X 9o Pop L

7 n,, etc. =

6’ 7

5
* g1 L
KT

X7 , etc.

As the temperature, T, appears in a number of the above-listed

n's, and as temperature can be considered a dependent variable in the

Arthur 1. Little Inc.



experimental model studies, a more convenient set can be gained by rearrange-

ment as follows:

. = &
1 X
x 2
- - q L
2 KT
cc 1.2
X - —P
3 KT
) C e 37
4 &
. . « 17
S echa
Ca ete. = o 91 Po1 K 02?02
69 7! . *L ’ *L
q q

A useful set of scaling laws for model testing would specify
that the temperature-time distributions in normalized space would be iden-
tical in model and prototype. In addition, we have the restriction that
the emittance and absorptance of corresponding surfaces in model and pro-

totype are identical. In this instance, for thermal similitude

CL CL
m m - S 8
K K
m s
2 2
Wln _ % Ls
K K
m s
C_ L c LZ
rmpmm - (°S ps S
K K
m s
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*3 7 *3 7
q m L } q s L
4
“m ~g
Tem ™ Tog (identically satisfied)
Foim oz m Zo1s %026
* 4 ’ ’ N tc
Iy Lm 99 “m q Ls 4 Ls
or
L L
mm S
K K
m s
C = C
m s

Cm Cpm Lm = Ps CpsLs

¢01m%2m’et°“ = ¢’01s' ¢

02s* €tC-

It is this last set of scaling laws which we have examined ex-
perimentally in the Phase I of the subject contract. As these experiments
were made at steady state, the thermal inertia characteristics of the models
do not enter the problem. In addition,'¢bl, ¢b2, etc., were made negligible
in the design of the experimental apparatus. 1In summary, we would predict

the same temperature at corresponding points if

Arthur 1. Little Ine.
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L L
. £
K K
m s
C = C
m
* L L
B m " Y s

Other possibilities certainly exist and deserve attention. For
instance, suppose it 1s convenient to make the model and prototype of iden-
tical materials. Suppose further, we place the additional restriction that
the radiation characteristics of corresponding surfaces in model and pro-

totype are identical. Then, in this case

mm S
L2 12
0.
{m Ts
* 7
RN
qm m
S VE R V5
m m 8 8
Tom ™ Tss

4/3 4/3 4/3 4/3
¢Olm Lm ’¢02m Lm » ete. = (fOIS Ls i ¢028 Ls » etc.

The above laws, of course, hold only when the properties of the model and

prototype are independent of temperature,

Arthur D Little Inc.
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11, THERMAL MODELS AND TEST EQUIPMENT
]

A, INTRODUCTION

During this Phase 1 test program we designed an experiment to
irvestigate the validity of the thermal modeling laws derived in Section I.
The objective was to ccnstruct and test thermal models, at steady-state
conditions, which would embody those heat transfer mechanisms present in the
later Phasesof the subject program. In particular, it was derived to in-
vestigate conductive and radiative effects without the added complexity of

convective heat traunsfer,

A '"basiz' thermal model and two scale models were designed and
built. One scale mcdel was designed in accordance with the set of modeling
laws which predict equivalent tewperatures at identical geometrical loca-
tions using different mcdel materialis. The other scale model was designed
in accordance with the laws which predict scaled temperatures at equi-
valent geometric locations when the model and scale model are made of iden-

tical materials.

In the following sections we will describe the experiments and
results obtained with a scale model constructed of a different material
than the 'basic' thermal model. We had planned to complete the testing of
a scale model constructed cf the same material as the '"basic'" model; how-

ever, this effort was regarded as of secondary importance since the proposed

Arthur D Little, Ine.
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Phase 11 program would involve testing of basic and scale models of dif-

ferent materials.

B. THERMAL MODEL DESIGN

The objectiveof the Phase 1 experiments was to devise and test
a set of simple thermal models which would validate the thermal modeling
theory and yet embody the heat transport mechanisms which would be involved
in our future work in Phase JI. In addition, it was desired to test models
of relatively small dimensions in a simple inexpensive vacuum chamber. The
basic model design incorporated the following heat transfer mechanisms:
1) Heat transport by solid conduction
2) Heat transport at solid-to-solid interfaces
. 3) Heat generated by internal sources
4) Heat transport via emitted surface thermal
radiation
We thus eliminated, in part, the effects of absorbed fluxes from
the environment (by testing the models in a vacuum chamber whose 'black"
walls were maintained at liquid nitrogen temperature) and the effects of
internal energy changes during transients (by testing at steady-state con-

ditions).

A sketch of the thermal model configuration 18 shown in Figure 1.

Basically, the model resembled a "fin', heated at one end by the dissipation

Avthur D.Hittle Ine.
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of electrical power. To simulate a solid-to-solid interfacial thermal
resistance, a material of low conductivity was bonded between two members
having a higher conductivity thereby imposing a large temperature grédient
in the fin. This would resemble the physical situation where a heat-
conducting path was disturbed by a joint or interface having a low thermal
conductance. As shown in Figure !, the he: ter was insulated, as was the
simulated contact resistance. In this manner the internal power generated
would be radiatively dissipated from the surface between the heater and the
insulated contact resistance and from the surface between the heater and the
insulated contact resistance and :he end of the model. This situation would
thereby preclude the need for measuring the temperatures of the heater
elements themselves to account for any power re-radiated from the heater end.
The exposed surfaces of the two models were coated with an ''optical black"
paint in an attempt to maintain similar surface characteristics since one

of the elements of the modeling laws would require that the emittances of

the models be similar. Although we could have used other surface coatings
with a lower emittance, our experience with this high emittance paint in-
dicates that the uncertainty involved in assuming that the emittances of
both models were similar would be +0.01. The simulated contact resistance
was insulated to prevent radiative effects from altering the effective con-
ductance of the element. That is, the simulated contact resistance members
were scaléd to have similar conductances in both models and to accomplish

this it is necessary to exclude heat transfer by radiation at the surfaces.

Arthur D Little, Inc.
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The basic model, herein referred to as Model #1, was con-
structed of Armco iron, a relatively pure iron whose thermal conductivity
is known accurately over a wide temperature range and is recognized as a
thermal coqductivity standard. The simulated contact resistance was fab-
ricated of rigid, polyvinvlchloride which has a relatively low thermal con-
ductivitfa In Section I it was shown that thermal modeling for identical
temperature distributions in model and prototype would satisfy the following

laws (provided that the total hemispherical emittance and the absorbed

fluxes are similar):

s G
Kl K2
C1 = C2
* *

Since it was desired to reduce the dimensions of the scale model to make it
approximately 1/2 scale, SAE 4130 - a chrome-moly steel having a conductivity
of roughly 1/2 that of the Armco iron was used for Model #2. 1In particular,
we calculated the appropriate dimensional ratios by arbitrarily using pub-
lished conductivity values at +10°c. The conductivity values are:

SAE 4130 - K, = 0.35 watts/cm’K Reference 1

2

Armco - Kl = 0.741 watts/cm°K Reference 2
It should be noted that the conductivity ratio of these two materials is

scmewhat temperature dependent, so that some error is introduced when the

temperature level of the models is varied. For these materials the

Arthur D.Kittle Inc.



conductivity ratio varies as follows:
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Temperature KZIKI
-50 C 0.435

0cC 0.469

+10 C 0.472

50 C 0.489

This variation of + 5 percent over a

100°¢ range will introduce errors in

the measured temperature gradients from model to model, particularly when

the gradients within a model are large.

Using the conductivity values at +10°C the scale of linear di-

mensions in Model #2 was established

o }Nl"'

1
Since it was desired to maintain the

Models #1 and #2, the PVC dimemnsions

in accordance with the relation

K2 0.35

Kz 0.741

= 0.472

same simulated contact conductance in

were established as follows:

e o a I
1 ¢, | PVC 2 [ PVC
1 2
since k1 - k2 (the PVC conductivity)
ﬁl - 22 for the PVC

The input power to the model heater was scaled as follows:

Acthur D.Little, Inc.



* 2 > 2
9 Ly o= oa/ly = qy L, = q,/L

~
|-4

a \2
.&.2. .kL_Z) - (0.472)° = 0.2228
1

where q - power input (watts)
* 3
q =~ power input per unit volume (watts/cm”)
In summary, we would predict equivalent temperatures at identical geometric
locations in Models #1 and #2 when the linear dimensions are scaled by a

factor of 0.472, the lengths of the PVC insulator are equivalent, and the

heater input powers are scaled by a factor of 0.2228.

The appropriate nominal input power to each model was established
by considering the heat transport from surfaces (having an emittance of ap-

proximately one) of the model tc an LN, temperature sink. The input power

2
range and the model dimensions were established from the following criteria.
First, the model size and re-radiating area was dictated by the size of the
test chamber and it was desired to maintain temperature levels between +150
and -150°C to preclude damage to the surface coatings or the mechanical
assembly. Second, it was desired to have a simple heat flow pattern as
close to one-dimensional as possible, and yet have significant temperature
gradients with the model. Preliminary hand calculations indicated that a
power input range from 3 to 5 watts would be required for Model #1. Based

on the above scaling laws the appropriate range for the 4130 model would

be 0.67 to 1.1 watts. With these input ranges

Avthur B Little Ine.
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established we chose the dimensions shown in FPigure 1 for the two models.

The length of the PVC section (Part B of Figure 2) was established
by considering the heat flow through the model. It was desired to choose
a length which would produce a large gradient, such that the thermal re-
sistance of the PVC section itself would be large by comparison to the re-
sistance of the two joints. Temperature gradients in excess of 100°C were

attained with a 3/4-inch long section of PVC.

C. MODEL FABRICATION

1. Materials

The Armco iron and SAE 4130 steel used in the models were checked
for chemical composition by chemical and spectrographic analysis to insure
that the "as received'" material closely resembled the materials used in the
thermal conductivity determinations published in References 1 and 2. The
composition differences were extremely small and we concluded that the con-
ductivities of the materials were representative of those measured. The

snalyses are presented in Appendix 1.

The PVC portions of the models were machined from the same stock

to minimize the chance of using materials with different conductivites for

the simulated resistance member.

Avthur M. Rittle Inc.



PEAHIT

A
| FEUR R W S

6 2-5"3/

20

2. Joints
The PVC and metal sections were bonded together with a con-
ductive epoxyl (silver-doped) which was applied according to the manufactu-
rers recommendations. The use of this conductive epoxy was predicated on
the need for a good thermal bond which would not introduce a significant
resistance. A thin (0.005") layer was used for bonding the PVC to both the

Armco and SAE 4130 parts.

During the first test with the Armco iron model the epoxy joint
separated (in vacuum) when the temperature of the sample was allowed to
fall to liquid nitrogen temperatures., This was apparently due to a dif-
ference in expansion coefficients of the materials forming the joint. Sub-
sequently, we pinned the joints with a press fit using two 0.020" dia.
stainless pins which were approximately 3/16-inch long. These pins added
structural rigidity to the assembly without affecting the joint conductance.
In all subsequent tests heater power was continuously supplied to prevent
the joint temperature from feaching extremely low temperatures in the test

chamber,

Concurrent with the testing of the thermal models a sample

)

Product of J. Waldwan & Sous, lrentoa, New Jersey.

Arthur D Listle. Ine. =



21

joint of PVC and Armce iron was subjected to thermal shock tests (1n air)

at dry ice-acetone temperatures (approximately -80 C) and at liquid nitrogen
temperatures. The joint sample was first inspected with a microscope to
determine whether or not there were any cracks or joint imperfections. No
imperfections were noted. The sample was then rapidly plunged into the dry
ice-acetone bath, removed, allowed to warm-up to room temperature and then
re-inspected. No apparent change in the joint surface was noted at a magn-
ification of 40 X. A similar test was performed at liquid nitrogen tempera-
tures and it was noted that the sample joint parted after the assembly was
removed from the LN2 and was warming up to room temperature. Microscopic
investigations showed that the silver epoxy adhered to both the PVC and

Armco iron and apparently the fracture occurred in the epoxy itself.

During the test program, using the two thermal models with pin-
ned joints, we carefully inspected the surfaces of the joints before and
after testing in vacuum. No apparent cracks or voids were observed even
though the joint temperatures were subjected to temperatures as low as
—125°C. In this case, however, .the temperature change from ambient was
controlled and no thermal shocking could have occurred. Apparently a
temperature environment in the vicinity of -125°c will not damage the
joint (at low stress levels) whereas a liquid nitrogen temperature environ-

ment of -196°C may induce a failure in the epoxy bond.

Avthur N Little. Inc.
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3. Heater Elements

The hLeater elements were formed by winding resistance wire (¥34
chromel~A for Model #1 and #36 Nichrome 5 for Model #2) around the peri-
phery of the mndel. A layer of 1/2 mil Mylar was used to insulate (elec-
trically) the heater wires from the model, After winding the resistance
wire, a coat of insulating varnish was applied to the surfaces. The ends
of the resistance wires were brought out of the multi-foil imnsulation as
shown in Pigure 1 and soldered to the heater leads after the insulation
installation. After winding the heater, the ohmic resistance of the heater
alcne was accurately measured with a Wheatstone bridge. Tests with a

sample of the heater wire at ambient, ice, and LN, temperatures indicated

2
that the resistance changed by less than 1/2 percent. This change was not

considered important in determining the Lrue input power to the heater

elements.

In Model #1, the heater lead wires were made from #32 manganin
wire with a varnish insulation. This wire material was chosen because it
has a8 low product of thermal conductivity and resistivity and therefore
would tend to suppress heat leaks. Furthermore, manganian has a low tempera-
ture coefficient of resistivity and the lead wire resistance would be un-

affected by the wire temperature.

In Model #2 the first tests were run with manganin lead wires;

however, it was eventuallv discovered that heat leaks along the heater

Arthur D. Wittle Ine. ;
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lead wires were causing trouble in establishing a heat balance. This
situation was created because of the low levels of input power (less than

1 watt). The final Model #2 ccnfiguration had 0.010-inch diameter pure
nickel leads. The leads were not insulated and were mechanically polished
with jewelers' rouge to decrease the surface emittance. The use of pure
nickel reduced the 12R losses in the leads to a small fraction of the total
input power and the reduction in surface emittance minimized the heat leaks
from the heater. A more complete description of these problems and their

solution will be presented in Section IIl of this report.

4, Insulation

The insulation of the heater end of the model was accomplished
by using multiple-layer insulations in which alternate layers of the insula-
tion have low emittance surface characteristics. These thermal shields
were separated by a low conductance glass paper to prevent thermal '"shorts'
from increasing the apparent conductivity. In vacuum systems, this type of
insulation has a low apparent conductivity; however, extreme care must be
taken in applying the insulation if it is desired to attain a low conductance
with a minimum number of layers. In the present case it was desired to min-
imize the heat leaks from the heater section and the PVC member with a

minimum amount of insulation.

QAvthur M. WLittle Inc.
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Models #1 and #2 were insulated in a slightly different manner;
however, the basic principle is shown in Figure 1. In Model #1, aluminum
foil andlDexter paper {(a glass paper product) were used to wrap the heater.
Prior to completing this installation we received a quantity of 1/2 mil
Mylar which we had gold coated on both sides. (The gold was applied by
vapor deposition in vacuo to a thickness which rendered the material
opaque). This material was used in place of the aluminum foil on subsequent
installations since the use of this material reduces the problems associated

with thermal short circuits at penetrations and joints.

The heater in Model #1 was insulated with five layers of insula-
tion. Four layers of 4 mil tkick Dexter paper alternated with 5 mil thick
bright aluminum foil layers and a final wrap of a layer of Dexter paper and
1/2 mil gold-plated Mylar completed the installation. Extreme care was
taken to fold the ends of the Dexter paper over the aluminum foil layers to
prevent thermal ''shorts'. The final wrap was secured with a small amount
of Eastman-Kodak 910 adhesive. 'White glove' techniques were used in
assembling the insulaticn to prevent the surfaces from being affected by
handling. Model #2 was insulated with a continuous wrap of gold-plated
Mylar and Dexter paper with a final cap of gold-plated Mylar over the end
of the heater. During the test program two additional layers of insulation

were added to this model in an attempt to reduce the heat leaks.

Acthur D WLittle Ine. 5
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In both models the PVC section was insulated with an initial
wrap of Dexter paper followed by two continuous wraps of Dexter paper and

gold-plated Mylar.

Model #1 was supported by a nylon monofilament fish line (0.014-
inch dia.) which penetrated the super-insulation layers. This arrangement
subsequently caused some difficulty in Model #2. 1In the final tests of

Model #2 we completely removed the support and suspended the apparatus by

the thermodouple leads.

5. Thermocouples

Six thermocouples were attached to each model as shown in
Figure 1. The thermocouple junctions were located along the center line
and approximately equally spaced along the lengths of parts A and C. The
locations, as shown in Figure 1, were numbered TC 1 and TC 7 and will here-

in be identified by these numbers.

The thermal models which were tested were relatively small, and
therefore only small amounts of power were required to maintain their
temperatures near the desired level. The installation of six thermocouples
introduced a heat flow path from the model which became a significant
fraction of the total re-radiated power. For example, the power input

level to Model #2 was in the vicinity of one watt, and it was determined

Arthur B RitleIne. 7 -
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that thermocouples alone could introdgce a heat leak of 100 milliwatts or
so if the leads acted as '"long'" fins. A sketch of the test chamber
(which will be described in detail in a following section) and the thermo-
couple lead locations is shown in Figure 2., As shown, the leads passed
through a small diameter neck in the LN2 cooled vacuum chamber and radiated
to a sink. Several methods for eliminating this heat leak problem were
evaluated during the course of this program. They included:
a) The use of extremely small diameter thermocouple
wire with a low emittance or insulated surface;
b) The use of thermistor-sensing elements attached
with small diameter low conductivity lead wires;
¢) The use of auxiliary heaters for each sensor lead
to eliminate temperature gradients along the leads;
d) Scaling the instrumentation leads according to the
thermal modeling laws.

After careful consideration of the simplicity of each method, we chose the

latter as the one best suited to our tests.

Rather than scale the materials of the wires and the lengths,
we treated the thermocouple leads as heat sinks and scaled the wire diameters
such that the heat leak (at identical locations) per thermocouple in Model #2
would be approximately 0.22 that in Model #1. This, of course, is the same

scale ratio as the heater power scale. For Model #2 we chose #40 AWG

Arthur . Uittle, Inc.



—<S=p

ONITZ A r/oag/;cj:[b:

TospE 5
7 C. Guask

L NL\

A LOAN

el 2 2 V-2 N

ze.

‘lﬂAS’\ q

N,

S7Tan0m 0 / \

LA/Z Ofwop ~

A

/

7 H}// VAZ08

~ e

L 30

S > -3
by W é* L3/

CoLr 7mAL
Ve

~ORE PUYAMO

\IJEA TER

T~— MoolFL

ZVACUUM CANAMBER
OPTICAL Bemck Pasnr
CAN INTERIOEL WwWAaLLS

TEST CHAMBER ASSEMELY

| —

Qo)

OrEEJS 10N PUA »

LEADS

FreurRrse 2

QArthur D Little Iue. -

27

P



KIS . —
g‘;.»ﬁ LA :\“u 592" 5 3/

28

(5 mil) insulated wire as being the smallest practical (and readily avail-
able) size. On the basis of our scaling laws and an analysis of the heat
leak through a typical wire, we determined that a #36 AWG wire of the same
material would produce the approximate scale of power dissipation through

the leads. The analysis is presented in Appendix I1. It should be noted
that we based our analysis on copper-constantan thermocouples. This effect
of heat leaks could have been reduced by using wire materials of lower
thermal conductivity (chromel-alumel, iron constantan); however, for reasons
discussed in the following paragraph we choose copper-constantan for the

experiments.

Copper-constantan thermocouple wire was selected for this applica-
tion since this combination is easily assembled, has a favorable millivolt
ve. temperature characteristic in the temperature range of interest, and, in
general, this combination is relatively free from calibration corrections.
Each thermocouple was referenced to 0% using constant level ice-water bath
in a thermos bottle. The cold junctions were inserted in oil-filled glass
tubes which were maintained at 0°C by suspending the assembly of six tubes
approximately 4 - 6' below the surface of the ice-water bath. A siphon
system was used to maintain a constant bath level. Before attaching the
thermocouples to the models, they were individually calibrated at Ooc and
100°¢ using an ice-water and a steam bath. The millivolt outputs were also

obtained at dry ice-acetone and tap-water temperatures and compared with

Arthur D Little Inc.
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readings from an etched stem precision glass thermometer. 1In all cases
the thermocouple readings were within 1/2°C of the published (L & N) mill{i-

volt output vs. temperature data for copper-constantan.

The thermocouples were soft soldered (#35 Cera-Seal) into 1/16-
inch diameter wells drilled into the thermal models. The leads were then
cemented to the model with Pliobond cement and then taped to the model with
a small strip of "Scotch" tape to prevent the leads from separating and pro-
ducing erroneous temperature readings. The thermocouples in Model #1 were
initially installed in the wells with "Ames" copper cement and the leads
glued with Eastman 910 adhesive. During the first test in vacuum,several
thermocouples separated when the model was temperature cycléd. Subsequent
testing was completed with the thermocouples soldered in place as described

above.

Before installing the thermal models in the test chamber, the
thermocouples were read out with the model at a uniform temperature (at
ambient air temperatures) to check for uniformity. The results indicated

that all thermocouples were reading within 1/4°C of each other.

6. Surface Coating

As previously discussed, it is necessary that the "basic' and

scaled models have identical surface emittances when internal power is

Arthur D Little. Inc.
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dissipated by radiation. Previous experience in our laboratory indicated
that '"3M'" brand Velvet Black Optical COating1 is relatively simple to apply,
will adhere to most metals at low temperatures in vacuo and has a repro-
ducible total hemispherical emittance close to unity. Emittances of 0.97
between LN2 and ambient temperatures were measured in our laboratory. No

apparent temperature dependence was noted. (This work was not performed

under the subject contract).

The surfaces of Parts A and C of both models were coated with
this paint. The metal surfaces were cleaned first with acetone, dipped into
the paint and allowed to drip dry. After painting care was taken not to
handle these painted surfaces. Note that the model measurements listed in
Figure 1 apply to the measured dimensions before painting. After painting,
additional measurements were made to determine the paint thickness. Ap-

proximately 0.0038-inch of paint was deposited on the surfaces,

The interior of the vacuum vessel shown in Figure 2 was also

coated with this same paint to reduce internal reflectionms.

D. TEST EQUIPMENT

A schematic diagram of the test chamber is shown in Figure 2.

1)

Manufactured by Minnesota Mining & Manufacturing Co.

Arthur D Little, Inc.
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The test chamber was a thin-walled stainless steel vacuum vessel having a

10 1/2-inch diameter spherical test section. A vacuum flange, sealed with an

O-ring was mounted on the warm end of the neck of the vacuum vessel. The
neck was a 2 1/2-inch diameter tube approximately 12 inches long. The
lower portion of the neck and the spherical test section were submerged in
liquid nitrogen contained in a 2l-inch diameter LN2 vacuum~jacketed dewar.
By suspending the models in the approximate positions shown in Figure 2,
the''black"” surfaces of the models had a poor 'view" of the warm end of the

neck and the flange. The interior of the test chamber and the neck were

coated with '"3M" Optical black paint to minimize reflections.

The vacuum system consisted of a diffusion pump and LNZ cold
trap with a 15 CFM mechanical forepump. Several thermocouple gages and an
ionization gage were used to read the chamber pressure during test. We ex-
perienced no difficulty with this vacuum system and after outgassing the
model, (by heating),the pressures in the test section could be held at pres-
sures down to 10-6 torr. . In all of the test runs the pressure was below

10-5 torr. Two hermetic glass-to-metal seals were soldered in the flange

to provide for thermocouple and heater lead throughs.
The thermocouples were referenced to 0°C and the millivolt out-

put read with a Minneapolis-Honeywell precision potentiometer. The thermo-

couples were each read and recorded at 1/2-hour iantervals until the system

Arthur 0 Little Inc.
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reached steady-state. A copper-constantan selector switch was used to con-
veniently read each location. The potentiometer could be read to within 5

microvolts which corresponds to approximate 0.1%C at the temperature levels
of interest, A l6-channel recording potentiometer was used to observe the

cooldown period and to determine if there were any temperature fluctuations
in the model temperatures. In all tests the temperatures were invariant

once the model reached a steady-state condition.

The power input to the heater was supplied by a 0-50 VDC regula-
ted power supply (+0.1 percent regulation). The voltage drop and the current
flow to the heater were measured by a Weston precision voltmeter and milli-
ammeter which were calibrated against laboratory standards. The power
dissipated in the heater was calculated from measurements of the current
flow and the actual resistance of the heater. This method was selected
8ince measurements of the voltage drop at the heater itself would require

additional leads and would introduce another source for heat flow.

Arthur D Little Ine. 4/
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I11. TEST RESULTS

In the following section we will present the results of the
thermal tests which were undertaken in the test apparatus shown in
Figure 2. The first tests were perfofmed with the 'basic' model fabricated
of Armco iron. The dimensions and configuration are shown in Figure 1.
We discussed previously that the first run with this model was unsuccessful
due to the fact that the epoxy joint separated during testing when the model
temperature was allowed to fall to liquid nitrogen temperatures. This oc-
curred during a shutdown of the heater. The model was subsequéntly repaired
and the joint pinned (see Section 11 for details). The test results for
this Armco iron model configuration are presented in Table I. The tests
were run at four input power levels, and at each power level the model was
allowed to reach thermal equilibrium. The measured temperatures represent
this steady-state condition. The temperature subscripts are referenced to

the thermocouple locations shown in Figure 1.

In Table 1 the heater input power was computed by subtracting
the IZR losses in the heater leads from the measured total input power ;
the correction being approximately 5 percent of the total input power. In
the true physical situation the heater leads themselves act as potential
heat sources or sinks, and can influence the true input power to the model.
Although the terminal temperatures of the leads were at approximately the
same temperature, the heat flow in the lead wires is dominated by the in-

ternal power dissipation and the radiation interchange between the leads

Arthur D.Little Ine.
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TABLE I

THERMAL MODELING TEST DATA - RUN #2

Thermal Model #1 - Armco Iron, k = 0.741 watt/cmox at 10°C with PVC insulator
Manganin heater lead resistance 18.92 ohms

Copper-constantan thermocouples - ggference junction 0°% (#34 AWG)

Sample container pressure # 1 x 10 ~ torr

Sample container wall temperature 17°k

0.014" nylon monofilament support thread

i
Input Heater
Voltage Current Power Power Temperature

Date {volts) (m. amps) (watts) (watts) (C)
9-4-62 44.0 115 5.060 4.810
(1]

-115.6
-114.9
-113.7
70.5
74.8
86.3

SNOWMWN -

9-1-62 35.9 93.9 3.371 3.204 -124.2
" -123.4
-122.9
35.9
36.6

46.9

s e B N Ne Ha3

~NonunnwN -~

-116.1
-115.1
-114.0
61.3
64.3
75.9

8-31-62 41.9 109 4.567 4.342
"

"
(1]

s A N R la e
NN WN -

-113.2
-112.5
-111.2
72.5
76.5
88.9

8-31-62 44 .8 116.5 5.219 4.962
"

AR AN
SN WD N
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and the neck of the test chamber. To determine the value of the temperature
gradient (and therefore the heat flow) at the heater end of the leads it
would be necessary to solve a complex heat flow problem since the lead wire
"views' a non-uniform temperature environment in the neck of the test cham-
ber. Furthermore, the temperature of lead wire at the heater end is un-
known, and a thermocouple measurement would introduce another potential

heat leak. We recognized this difficulty in correctly estimating the true
input power and contemplated using an additional heater to maintain the lead
at a uniform temperature. This approach was not used because of the added
complexity involved. In view of these problems we calculated the power dis-
sipated from the model using the measured temperature distributioms and
found that the heat balance agreed with the calculated heater input power
within a few percent. For Model #1 an uncertainty in the input power
measurement of + 1 percent will introduce an uncertainty of tO.75°C in the
mean temperature of the model between the heater and the PVC section. A
comparison of the re-radiated power and the calculated input power for this

model and Model ¢2 will be presented in a following discussion.

The measured temperatures for Model #1 are plotted in Figure 3
as a function of the model length measured from the heater end. The
gradients in the Armco iron at the heater end vary from 11 to 16°C whereas
the gradients in the Armco iron member (Part C) at the extreme end are
only several degrees. The gradient across the PVC insulator was of the

order of 160 to 180 C.

Avrthur D Little Ine. ¢
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The test data for Model $2 are presented in Tables 1I,
through V. 1In Table II the data were obtained with manganin heater leads
similar to those used for Model #1. The tabuiated values of the heater
power were calculated from the current flow and the resistance of the
heater winding itself. The tabulated values of the "scaled" power input
were obtained by multiplying the heater input power by the scale factor of
4.488. This scale factor is based on the thermal modeling laws and is de-
rived in Section iI. Thus, the temperature distributions in Models #1 and
#2 should be identical when the heater input power in Model #1 is equi-

valent to the "scaled" heater imput power in Model #2.

Comparing Tables I and II it can be seen that the temperatures
of Model #2 between the heater and PVC insulator were considerably less
than measured temperatures of Model 1 at scaled input powers. For
example, at a scaled input power of 3.23 watts the temperatures were low
(in this region) by 5 - 10°C. The temperatures at locations 1, 2 and 3
were approximately 5 to 6°C higher than Model #1, indicating that more
heat was flowing through the PVC insulator. It should be noted that small
differences in the amount of heat flowing in the insulator cause large dif-
ferences in the mean temperature of Part C. At this input power level, for
example, the sensitivity of the mean temperature at the heater end is
0.12 °C/milliwatt whereas the sensitivity of the mean temperature of the

extreme end of the model is 0.63 oc/milliwatt. This means that an uncertainty

QAvthur D Aittle Ine. 4 7
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TABLE 11

THERMAL MODELING TEST DATA - RUN #3

Thermal Model #2 - SAE 4130 (k = 0.35 watt/cm®k at 10°C) with PVC insulator
Manganin heater lead (#32 wire)

Copper-constantan thermocouples - ggference junction 0°c (#40 AWG)

Sample container pressure =1x10 torr

Sample container wall temperature 77°x

0.014" nylon moBofilament support thread

Scaled
Heater Heater
Voltage . Current Power Power Temperature

Date {volts) (m. amps) (watts) (watts) g°cz

-112
-112
-110
+ 55
+ 57
+ 63

9-10-62 14.4 76.0 0.9871 4.43

e rd e
NNV WA

-113
-113
-111
+ 47
+ 49
+ 54

9-8-62 13.6 71.0 0.872 3.91

=i N e N R ]
NV LN -

-118
-117
-115
+ 29
+ 31
+ 35

9-10-62 12.3 65.0 0.721 3.23
"

H 3
SNoUwN -
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TABLE II1
THERMAL MODELING TEST DATA - RUN #5

Thermal Model #2 - SAE 4130 with PVC insulator

39

Note: All conditions as Run #3 except manganin leads replaced with polished

nickel leads (0.010" dia.)

Scaled

Heater Heater

Voltage Current Power Power

Date (volts) (m. amps) (watts) (watts)
9-15-62 11.0 66 0.720 3.23 Tl
T,
T3
Ts
T6
9-15-62 11.0 66 0.720 3.23 T7

Temperature

()
-121
~120
-118
+ 34
+ 36

+ 40

Avthur B LittleIne. -
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TABLE IV
THERMAL MODELING TEST DATA - RUN #8

Thermal Model #2 SAE 4130 with PVC insulator

Note: All conditions similar to Run #5 except 0.014" nylon support thread
replaced with 0.0075" nylon. One additional wrap of super insula-
tion added to heater area. Removed TC 2 and relocated between TC 7

and TC 6.
Scaled
Heater Heater
Voltage Current Power Power Tempsrature
Date (volts) (amps) (watts) (watts) (@)

10-25-62 11.0 66 0.720 3.23 T1 -117
T3 -115
T5 + 33
T6 + 35
Tz + 37
10-25-62 11.0 66 0.720 3.23 T7 + 40

Qrthur D Aittle Ine. ¥



Thermal Model #2 - SAE 4130 with PVC insulator

Removed nylon support.

Date

9-26-62

9-27-62

9-27-62

Voltage
(volts)

12.95

11.05

13.6

CUDLT D N
aoEIR ML Lo
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TABLE V
THERMAL HMODELING TEST DATA - RUN #9
Thread and suspended model by thermocouples. Added
additional wrap of "super" insulation at heater end.
Scaled
Heater Heater
Current Power Power Tempgrature
(m. amps) (watts) (watts) (9]

77 .980 4,398 T1 -110.5
T3 -108.7

T5 62.1

T6 64.8

Tz 67.0

T7 72.6

66 .720 3.232 Tl -117.3
T3 -115.9

TS 37.0

T6 38.8

T2 40.3

T7 43.9

81 1.085 4,870 Tl ~109.3
T3 -107.6

T5 71.4

T6 74.3

Tz 76.5

T7 81.8

Arthur D.Little Inc.
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of 10 milliwatts in the heat flowing through the PVC insulator is reflected

in a 6°C change in T2‘ We state this example to show the difficulties

enla £ o -~
hich ¢ tharmal testin

g when the temperature levels are

low and the dissipated flux is small.

A heat balance for this run indicated that the re-radiated
power was considerably less than the measured heater input. We felt that the
heat leak along the heater leads was a potential source of trouble and re-
placed the manganin leads with pure nickel un-insulated leads. Although
nickel has a higher thermal conductivity than manganin we were able to
highly polish the surface of the nickel leads and thereby reduce the surface

emittance. A low emittance would tend to reduce the heat leak from the

wire.

The data for fhis configuration are presented in Table III. It
should be noted, lbwever, that the model was not in complete equilibrium.
The data were obtained when Tl, T2 and T3 were increasing in temperature,
and these tabulated values are low. The remaining temperatures were in
equilibrium, (the time constant for this end being much smaller than the
extreme end where the mean temperature level 1s lower). The values in-

dicate that the mean temperatures at the heater end were increased by ap-

proximately SOC; however, they were below those measured for Model #1.

Avthur O Little Ine.
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Another test run was made with a smaller diameter support
cord (0.0075" dia.) and an additional wrap of insulation on the heater. As
shown in Table IV the mean temperatures did not appear to be affected by
this change. 1In this run TC 2 was relocated between TC 7 and TC 6 to ob-

tain a better picture of the gradients at the heater end.

Although we did not note any apparent change in the temperatures
in Run #8, we still suspected that this support penetration in the insula-
tion was a source of heat leakage. In Run #8 the mean temperatures of the
heater end of the model were low by some 5°C, and a heat leak of some 40

milliwatts would represent this difference.

The next test with Model #2 was made with the nylon support
completely removed, and an additional wrap of insulation on the heater. The
data for this run are presented in Table IV and plotted in Figure 4. Com-
paring Tables III and IV it can be seen that the heater end temperatures

increased by approximately 3°C due to the removal of the penetration.

A comparison of the temperature data for Models #1 and #2 is
presented in Figure 5. In this plot the dimensions of Model #2 were scaled
by the conductivity ratio of the Armco iron and SAE 4130. Similarly, the
input powers were scaled for comparative purposes, Data are presented

for two input power levels where the mean temperature was increased by

QArthur D Little. Inc.
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approximately 30°C. As shown in Figure 5, the heater end temperatures
scaled to within 3°C at the lower power level and within 3.3% at the
higher power level, Note that the temparature gradient at rhe heater end

of Model #1 becomes significantly greater than that measured for Model #2
as the mean temperature level is increased. We believe that part of this
discrepancy can be traced to the fact that the conductivity of the Armco
iron decreases with increasing temperature more than the SAE 4130. This
would,of course, change the appropriate scaling factors for the two models.
Our scaling ratio was calculated for a mean temperature of +10°% which is
lower than either of the plotted curves. This effect is shown more clearly
in Figure 6 where T7 and T_ are plotted for both models as a function of

6
input power,

The scaled temperatures at the extreme end of the model indicate
a difference of between 5 and 7°C (an error of some 4 percent in absolute
temperature). In this case we would attribute some of the discrepancy to
the simulations of a joint conductance, since these temperatures are ex-

tremely sensitive to the heat flowing in the PVC member.

In Table VI we have compared the temperature distributions in
the two models with an IBM 7090 computer solution. (The computer program
was developed at Arthur D. Little, Inc., to solve for the transient tempera-
ture distributions in spacecraft and was available for this solution). 1In

this analyticsal solution, we estimated the conductance of the PVC member

Arthur D.Little. Inc.
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TABLE VI
COMPARISON OF MACHINE CALCULATIONS AND MEASURED TEMPERATURES
(All temperatures in oK)
Power input to heater 4.0 watts
Machine Calculations Model #1 Model #2

158.5 154 160
159.3 155

160.7 156 162
320.0 327 327
334.9 340 336

Arthur 0. Little Ine.
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based on a published thermal conductivity value of 0.003 watt/cmox. Since
we did not measure the thermal conductivity, and the "k'" for plastic
materials can vary from lot to lot by a factor of 2 or more, we regard
these calculations as merely indicative of the temperature ranges. In the
machine calculation we accounted for the thermocouple heat leaks by treat-
ing each lead location as a heat sink. The heat flow was estimated using
the procedures developed in Appendix II of this report. An emittance of
0.97 was assumed. It was also assumed that no heat flowed through the
super insulation surrounding the heater or PVC. Referring to Table VI, it
can be seen that the temperatures are in fair agreement, with the calculated

heater end temperatures lower than those measured.

In Table VII we have tabulated the re-radiated power and the
apparent joint conductance for each model at different power levels. The
re-radiated bower was obtained by computing the mean intensity of the
thermal radiation leaving each of the two radiating surfaces, (Parts A and
C in Figure 1). The measured temperatures were used to establish the T4
distribution. The mean intensity was found by numerical integration using
Simpson's rule. An emittance of 0.97 was assumed. In this calculation we

accounted for the radiant interchange between the model and the LN, tempera-

2
ture walls of the test chamber. A uniform temperature of 77°K was assumed.
In all of the Model #2 tests the re-radiated power was one to two percent

less than the computed heater input power. The computed re-radiated power

for Model #1 was less than the heater power for two power levels and

Arthur D Kittle Inc.
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COMPARISON OF HEAT BALANCES AND JOINT CONDUCTANCES

Run Model
2 1
2 1
2 1
9 2
9 2
9 2

Heater
Power

(watts)
3.204

4.342
4.810
.720
.980

1.085

Re-radiated

Apparent joint

Power Conductance o
(watts) % Deviation watts/cw K
3.0797 -3.88 1.02 x 1073
4.3119 -0.69 1.16 x 1073
4.8234 +0.28 1.11 x 1073
0.7046 -2.13 1.30 x 1073
0.9633 -1.70 1.37 x 1073
1.0693 -1.45 1.36 x 1073

Arthur D Little. Ine.
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slightly greater for the highest power level. 1In this table the deviation

is referenced to the calculated heater input power.

The calculated re-radiated power was less than input power in-
dicating that the effect of thermocouple heat leaks was significant. Note
that the largest deviation represents a difference of only 120 milliwatts.
A significant fraction of this deviation could be attributed to thermocouple
heat leaks. We conclude that the heat balances are within a reasonable de-
gree of accuracy considering the fact that variations in the surface emittances,
insulations, leaks, and the heat flow in the instrumentation connections lead

to uncertainties of this magnitude. ‘

The apparent joint conductance was computed from the measured
temperature drop across the PVC insulator, and the net heat flow dissipated
by the end of the model (Part C of Figure 1), In addition, we accounted for
the heat leak through the thermocouples using the method derived in Appen-

dix 11. The apparent coanductance was obtained from the expression

Gt

C = AT

where Q - net power radiatively dissipated by Part C

o]

QT -~ thermocouple heat leak (calculated)
A - cross-sectional area of model

DT - temperature drop across the PVC as measured by Ts - T3

Arthur D Aitele Inc.
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It should be noted that the correction for the thermocouple losses is

only approximate; however, this loss was estimated as approximately 8 per-
cent of the re-radiated power. From Table VII it can be seen that the ap-
parent joint conductance of Model #1 was computed to be lower than Model #1;
however, for a given model the computed conductances did mot vary by more
than 12 percent. 1f we compute an average apparent joint conductance the
maximum deviation of the computed values is approximately +15 percent. We
investigated the magnitude of this deviation by computing an uncertainty
interval for the apparent conductance based on estimates of the accuracy of
the temperature readings and an estimate of the uncertainty interval of

the emittance. Assuming that the temperatures were measured to within 1°C,
and the emittance was 0.97 + 0.01, we calculated that the most probable un-

certainty in the joint conductance for a given model would be 0.10 x 10-3

watts/cmzol. This uncertainty alone is approximately 10 percent which is
the same order of magnitude as the spread in the data. In comparing the

joint conductances of Models #1 and #2, one must add in the uncertainties

involved in the scaling process.

Arthur 0. Little Inc.
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APPENDIX II

THERMOCOUPLE SCALING

Consider the case of a thermocouple wire which acts like a
"“long" fin. One end is maintained at To, i.e., at the model,and the wire is
losing heat by radiation to a low-temperature sink. If we neglect any re-
radiation from the surrounding sink, the heat flow along the wire length

(assuming that radial gradients are small) is given by the expression

2

xa T 4 pert® - 0 11-1
c 2
dx
where Ac - cross-sectional area

P - perimeter

This equation can be integrated once to yield

dT
= -kAdx

5
-\/2/5 P €G°To k Ac I1-2
= 0

This is the heat loss from the end of a rod whose end temperature is To.

In the actual case of insulated thermocouple leads it can be
shown that the temperature gradient from the inner copper or constantan
wire to the outermost surface is less than a degree for nylon or fiberglass
insulation when the ratio of the 0.D. to the wire diameter is approximately
6 and the mean temperature is in the vicinity of 0°C. The perimeter in

Equation 11-2 is thus based on the 0.D. of the insulation. Furthermore,

Arthur 1. Little Inc.



54

it can be shown that the conduction along the lead is governed by the con-

ductance of the wire rather than the insulation. Thus, the cross-sectional

area for heat flow is based on the wire diameter, and the conductivity in

Equation 11-2 i{s that of the wire material.

In Models #1 and #2 the thermocouples were made of identical

wire materials, had the same insulation and therefore approximately the

same emittance, and at identical geometric locations would have the same

temperatures. In this case the ratio of the heat leaks along the thermo-

couple leads in Models #1 and #2 is given by the expression

where
Do - {insulation 0.D.

D1 -~ wire diameter

11-3

;Subscripts 1, and 2 refer to Figure 1 nomenclature

The thermocouple lead dimensions were:

Model #1 Do = 0.024", Di = 0.005"

Model #2 Do = 0.0045", Di = 0.0038"

With these values

Arthur D.Uittle, Inc.



55
Using the thermal conductivity of Models #1 and #2 we calculated

that the ratio of input powers (or losses) would be 0,223, (c.f. Section
11-2).
not find leads with the appropriate dimension); however, since the heat
leaks are small we would consider the difference in the scale factor as

having a minor effect on the temperature distribution.

Based on the measured thermocouple dimensions of Model #1 we
calculated the total heat leak per thermocouple (for a copper and a con-
stantan lead) as a function of the end temperature using Equation II1-2. (The
emittance was assumed to be 0.9, k = 4.0 watts/cmox for copper and k = 0.25

(o]
watts/cm K for constantan).

To (K) 9 (milliwatts) 9, (milliwatts)
300 27 9
200 10 3.3

Arthur D.Little Ince.
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INTRODUCTION

After designing, fabricating and testing the thermal models described
in Reference 1.a discrepancy was discovered between the original data for
the thermal conductivity of one of the model materials and the values pub-
lished by the National Bureau of Standards (Reference 3). One thermal
model was sized on the basis of an incorrect thermal conductivity value
as published by NBS, and the purpose of this Addendum is to set forth the
implications of this variance in terms of the test results.

In this Addendum these implications will be outlined by referring to
the original thermal modeling tests as described in Reference 1, and the
reader should first become familiar with that document.

DISCUSS ION

In Reference 1 it was shown that thermal modeling for identical
steady-state temperature distributions in model and prototype would satisfy
the following laws (provided that the total hemispherical emittance and

the absorbed fluxes are similar):

o, 2
K1 K2
C1 - C2

where

K - thermal conductivity (watts/cmox)

L - 1linear dimensions (cm)

Arthur . Little Ine.
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C - thermal contact conductance (watts/cmzox)

q* - internal power gsnetation per unit
volume (watts/cm™)

Thus the linear dimensions of the prototype and model were scaied as fol-
lows:

L,

e— -

Ly 1

Rlﬁ
N

The prototype, herein referred to as Model #1, was fabricated from Armco
iron, a relatively pure iron recognized as a thermal conductivity standard.
A scale model (approximately one half the size of the prototype) was fab-
ricated of SAE 4130 steel. The dimensions of this scale model (#2) were
obtained from the above expression using the thermal conductivity value for
Armco iron reported in Reference 2, and that reported in Reference 3 for

SAE 4130. The values chosen (at & mean temperature of +10°C) were

2.2 L 935 g
L, = Kk " 0.7 :

The measured temperature distributions, the physical dimensions, gnd the
details of the apparatus are presented in Reference 1.

The test results indicated that the measured temperature gradient at
the heated end of Model #2 was less than that measured for Model #1. For
example, in Table VI (p. 48, Reference 1) the measured temperatures for the

two models (at an equivalent scaled input power) are given as:

Avthur 0 Hittle Inc.
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TC3

TC5

TC?7

Model 1
154%K
1cCC
156
327

340

Model 2

neon
o]

2

160°Kk

162
327

336

In the discussion of these results it was shown that the temperature

gradient across the PVC section of the models, viz. TC5-TC3 is primarily

influenced by the conductivity of the PVC and the small amount of power

re-radiated by the extreme end of the model.

The error in the thermal con-

ductivity of the SAE 4130 will primarily influence the temperature gradient

in the heater end of the model (TC7-TC5) and the following discussion

primarily relates to that effect.

With the linear dimensions of Models #1 and #2 scaled by the ratio

-2
L1

K

K,

2
1

0.35
0.741

0.472

the measured gradients in the heater end of the models were

MODEL TC7
1 340°K
2 336

15
327%

327

aT

7-5

13%

9

Thus the measured gradient in Model #2 was some 30 percent lower than that

in Model 1.

In Reference 4 (the origin of the SAE 4130 data) the thermal con-

ductivity of SAE 4130 is given as 0.0974 cal cm-1

sec

-1 ox-l

at a

Arthur D Little Inc.



temperature of +10°C which corresponds to 0.408 watts/cm’K. Thus a more

precise dimensional ratio would have been

i S S - S
L = K, " 0.741 0.330

instead of the 0.472 ratio that was used. (The discrepancy in KZ be -
tween the original data Reference 4, and that published in Reference 3 was
brought to the attention of NBS by the authors and subsequently acknow-
ledged by R. H. Kropschot on November 27, 1962.)

The implications of this error is that the linear dimensions of Model
#2 were made smaller than would be correct if the correct value of the
thermal conductivity of SAE 4130 were used. In addition, because the thermal
conductivity of Model #2 was greater than that which would be correct for
a proper model having its linear dimensions and scaled power input, we
would expect to measure smaller temperature gradients in Model #2.

To determine the influence of an error in the thermal conductivity of
Model #2 we completed a digital computer calculation of the model tempera-
tures as functions of the thermal conductivity. The input power, dimen-
sions, etc. were held constant in the calculation. This calculation was
similar to that described in Reference 1. From these results the fol-

lowing partial derivatives were obtained:

olaT, ()
__a_rl_?_ e - 17.26 °K%cm/watt

dlaTy )

Y = - 2,12 ochm/watt

Arthur D Little Inc.



Thus the major effect of an error in thermal conductivity is to change the
temperature gradient at the heater end.
Using the original thermal conductivity data (Reference 4) we estimate

that the error in the conductivity is

AK., = 0.408 - 0.35 = 0.058 22tt
2 o
cm K
then
D(AT, ) = -17.26 (0.058) = - 1.0°k

This means that the measured temperature gradient in Model #2 should have
been approximately 1°K lower than that measured for Model #1 at the ap-
propriate scaled input power levels. Correcting the experimental results

for Model #2 on this basis we have

MODEL A>T7_5 (Measured) £>T7_5(Corrected)
1 13°K 13%
2 9°k 10°K

In these corrected results the error of 3°K in the gradient is approaching
the uncertainty interval in the temperature measurements.

For the model configurations tested in Phase I, an uncertainty of
+10 percent in the thermal conductivity results in a + 0.7°K uncertainty
in the temperature gradient at a temperature level of 328°K whereas the
uncertainty iﬁ the mean temperatures is less than 1/4°K.

SUMMARY AND CONCLUSIONS

Subsequent to the design, fabrication and testing of the two thermal

models used in Phase I of the subject contract, an error was discovered

Arthur D Little Ine.



in the thermal conductivity data used to design one of the models. A para-
metric study of the effects of this error on the experimental temperature
data was made using a digital computer solution. The results indicated
that the experimental error in the measured temperature gradients was re-
duced when a more precise value of the thermal conductivity was used.

We conclude that for the particular models tested in Phase I, un-
certainties in thermal conductivity are relatively unimportant in terms
of the mean temperature levels and the gradients. In other thermal model
configurations it may be necessary to obtain precise information on the
gradients, and the uncertainties in thermal properties could become un-

important.
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